Abstract. microRNAs (miRNAs) are small non-coding RNAs that potentially play a critical role in carcinogenesis. Increasing evidence indicates that the miR-17/20 cluster is upregulated in numerous types of human cancers including gastric cancer which suggests that the miR-17/20 cluster may play an important role in tumorigenesis. However, its role in gastric cancer carcinogenesis remains poorly defined due to the lack of target gene information. The aim of the present study was to investigate the target genes of the miR-17/20 cluster and their role in the tumor growth of gastric cancer. We found that both miR-17 and miR-20a (miR-17/20a) target the UBE2C gene in gastric cancer cells. Luciferase assay, qRT-PCR and western blot analysis confirmed that UBE2C is a direct target of miR-17/20a in gastric cancer cells. Our results showed that the expression of UBE2C was positively regulated by miR-17/20a at both the mRNA and protein levels. Moreover, miR-17/20a was upregulated and positively associated with UBE2C in the gastric cancer tissues when compared to the adjacent nontumor tissues. Inhibition of miR-17/20a in gastric cancer cells was statistically correlated with a decrease in cell growth. These results demonstrate that upregulation of miR-17/20a promotes gastric cancer cell growth by targeting UBE2C and inhibition of their levels is a potentially promising therapeutic strategy for gastric cancer.
Introduction
Gastric cancer is one of the most common types of cancer and is the second most frequent cause of cancer-related death worldwide (1) . In China, approximately two-thirds of patients diagnosed with gastric cancer develop unresectable disease, and more than half of patients present with recurrence after curative surgery. The median survival time for these patients is only 6-9 months (2). Much effort has been spent on the study of the biological mechanisms of gastric cancer, and a large number of tumor-suppressor genes and oncogenes have been reported in recent years (3, 4) . However, the molecular mechanisms underlying the development of gastric carcinomas are still poorly understood. microRNAs (miRNAs) are a class of highly conserved small non-coding RNAs that have important regulatory roles in animals by regulating gene expression post-transcriptionally (5) . Many important cellular functions such as proliferation, differentiation, apoptosis, development and metabolism are known to be regulated by miRNAs (6) . Up to one-third of human genes, including tumor-related genes, are predicted to be miRNA targets (7) . High-throughput technologies such as microarrays and next generation sequencing have shown the global expression pattern of miRNAs, and several miRNAs which are dysregulated in several malignancies including gastric cancer may act as novel oncogenes or tumorsuppressor genes (8, 9) . However, the mechanisms underlying their function in gastric cancer tumorigenesis remain unclear due to the lack of target gene information.
The miR-17/20 cluster, which is located on chromosome 13q31, is expressed in many mammalian tissues. This cluster contributes to the development of the heart, lung, blood vessels and immune system (10) (11) (12) . However, dysregulation of miR-17/20 has been reported in several types of cancers including breast cancer (13, 14) , oral squamous cell carcinoma (15) , lung cancer (16) , lymphomas (17) and gastric cancer (9, 18) . As dysregulation of miR-17/20 is related to a number of cancers, it has been hypothesized that miR-17/20 may play an important role in tumorigenesis and tumor development. However, the function of miR-17/20 particularly in gastric cancer remains unclear.
In the present study, we determined that UBE2C is a direct functional target of miR-17/20a in gastric cancer cells, and miR-17/20a were upregulated and positively associated with UBE2C in gastric cancer tissues compared to adjacent RNA isolation and qRT-PCR. Total RNA was isolated from the gastric cancer tissues, adjacent nontumor tissues and gastric cancer cell lines using Trizol according to the manufacturer's instructions. Purified mRNA and miRNAs were detected by qRT-PCR assay using All-in-One miRNA qRT-PCR detection kit (GeneCopoeia, Rockville, MD, USA). All primers are listed in Table Ⅰ . U6 small RNA was used as an internal control for normalization and quantification of miR-17/20a expression. β-actin was used as an internal control for normalization and quantification of UBE2C expression.
Luciferase assays. The luciferase reporter construct was constructed by cloning the human UBE2C mRNA sequence into the pMIR-Report construct (Ambion Inc., Austin, TX, USA). The wild-type or mutant UBE2C mRNA fragment was amplified and cloned into the luciferase reporter via SpeI and HindIII sites. All the primers are listed in Table Ⅰ . Luciferase reporter assays were performed as follows. HEK 293T cells plated in a 96-well plate were co-transfected with 100 nM single-stranded miRNA inhibitors or negative control oligonucleotides, 10 ng of firefly luciferase reporter and 5 ng of pRL-TK (Promega, Madison, WI, USA) using the INTERFERin ® reagent (Polyplus-Transfection SA, Brant, France). Cells were collected 36 h after the last transfection and analyzed using the Dual-Luciferase Reporter assay system (Promega). MTT assay. The in vitro growth of gastric cancer cells was measured using the MTT assay. Cells (5,000) were seeded into each well of 96-well plates and transfected with miR-17/20a inhibitors or UBE2C siRNAs at a final concentration of 100 or 20 nM, respectively. On the day of harvest, 100 µl of spent medium was replaced with an equal volume of fresh medium containing MTT (0.5 mg/ml). The plates were incubated at 37˚C for 4 h, and then the medium was replaced by 100 µl of DMSO (Sigma, St. Louis, MO, USA) and plates were shaken at room temperature for 10 min. The absorbance was measured at 570 nm.
Immunoblotting. Total cellular extracts (20 µg) were separated by a 4-20% Tris-glycine gel and then transferred to a PVDF membrane (Immobilon-P transfer membranes; Millipore Corp., Bedford, MA, USA). Following the transfer, the blots were blocked with 5% non-fat dry milk in PBS + 0.1% Tween-20 for 2 h and washed three times with PBS + 0.1% Tween-20 at 4˚C. The blots were then probed with a 1:200 dilution of the primary antibody against UBE2C (AB3935; Abcam, Cambridge, MA, USA), cyclin A (H-432; Santa Cruz Biotechnology, Santa Cruz, CA, USA) or β-actin (c-11; Santa Cruz Biotechnology). The blots were then probed with a 1:750 dilution of the secondary antibodies for 1 h at 4˚C, followed by washes in PBS + 0.1% Tween-20 and detection was carried out using an Odyssey Scanning system. Statistical analysis. All statistical analyses were carried out using the SPSS 16.0 statistical software package. All data are presented as the mean ± standard deviation. Student's t-test was used to analyze the difference between two experimental groups and a two-tailed P<0.05 was taken to indicate statistical significance. 
F, forward primer; R, reverse primer; WT, wild-type; MUT, mutant.
Results

miR-17/20a
have a potential target site on UBE2C mRNA. The miR-17/20 cluster, which is located on chromosome 13q31, have a similar sequence and are hypothesized to have the same target genes. In order to investigate the biological significance and its underlying mechanisms of the dysregulation of miR-17/20a in gastric cancer, the potential target genes of miR-17/20a that function in gastric cancer pathogenesis were further analyzed. Newly published CLASH data in HEK 293 cells provided us with the direct evidence for miRNA:mRNA pairing (19) . The CLASH data showed that both miR-17 and miR-20a targeted the coding DNA sequence (CDS) of UBE2C which is involved in many cellular processes including cell proliferation, migration, survival and other cellular functions (20) . All genes targeted by miR-17 and miR-20a in the CLASH data are listed in Table Ⅱ and Table Ⅲ . After retrieving miR-17/20a potential binding sequences in the human, mouse, rat and horse, the alignments with miR-17 and miR-20a are illustrated in Fig. 1 . Alignment results indicated that miR-17/20a may target the coding sequence of UBE2C using a 3' end mode.
miR-17/20a directly target and upregulate UBE2C expression in gastric cancer cells.
To determine whether miR-17/20a are capable of targeting and regulating UBE2C expression in gastric cancer cells, we performed the following experiments. Previous research has reported that miR-17/20a are upregulated in gastric cancer (9) ; thus, we performed a loss-of-function study. We created the luciferase reporter plasmid with the wild type or the mutant targeting sequence Table II . List of genes that paired with miR-17 in the CLASH data. Target genes   PLEKHM1, DAPK3, HEXIM1, KCTD7, ARIH1, TXLNA, RBM12B, ZNFX1, WASL, GNAS, PCGF5, ZBTB5, RALGAPA1, RALGAPA1,  MLL, MAP3K9, KIF1A, TRIM71, ZNF598, MAP3K8, MKI67, ZIK1, NAP1L1,PPP1CA, RNF146, ZFYVE26, APP, APP, RUNDC1,  TRIM8, BTN3A1, EIF4G2, FER, WAC, STIL, SUOX, FXR2, CPS1, GNB1, IRAK1, NUFIP2, C15orf41, CPSF1, MTF1, CCDC47, PDLIM5,  ARHGAP10, BAZ2A, EHMT2, WEE1, ERLIN1, TMSB10, RPSA, LAS1L, MYCBP2, TUT1, RTCD1, TNFAIP1, PDPK1, PLAG1, TCEA2,  AK1, RNF145, HDHD1A, PLS1, CCT6A, PBXIP1, TMEM19, PCNX, ELMO2, TRRAP, MOBKL1A, SLC25A28, HN1, ARPC2, NAT8L,  PTTG1, TNPO3, ANKRD27, ILF3, LSM14A, LSM14A, LPIN1, GLO1, HSP90AA1, ATXN7, ERCC2, RTN3, SLC16A2, GANAB,  TNFRSF10B, MTMR3, EFHC1, TOB1, RAB5B, RLF, MORF4L2, FANCA, HIST2H3A, ARHGEF7, CLPTM1, DCBLD2, PPP2R1A,  BLVRA, ZNF507, KIAA1919, NBR1, DPYSL2, TUBB2C, C16orf63, PRPF8, GAPDH, KIAA1267, PGAM1, MT-ATP6, VPRBP, MNT,  GPI, GDF11, POGZ, BACE1, TMTC4, MED13, EPB41L2, TRAP1, AC010619-1, DNMBP, CCND2, XIAP, SDHA, NOTCH2, EIF4G3,  NONO, SMAD3, CHTF8, LAPTM4A, C5orf43, SON, TRIM44, CHST14, SEPT11, PRICKLE1, DCUN1D4, TRA2B, AMD1, FASN C20orf43, KLHL15, POGZ,  CCNB1, WBP4, EIF2C1, CDK16, PPP2R1A, PTPRS, LDHB, GPN2, ARHGEF7, RFC3, BACH1, EIF2C4, MAN1C1, MRPL13, ABCA3,  CTSA, ARL9, TMEM66, RPL18A, GATA6, STAT3, KIAA1191, USP10, CCDC88C, VEZF1, DLG5, TDRD3, TUBB, ORMDL3, PGK1,  UBE2C, IL17RC, CEP120, ZNF398, XYLT2, BTBD2, PAQR5, NUP214, DLC1, MAD1L1, RNGTT, MLXIP, FBXO3, EIF2C1, EMR2,  RBM10, LPHN3, C11orf59, TMX4, MRS2, RPL30, CDT1, L2HGDH, EIF2C1, PAIP1, CTR9, C11orf68, PTPN23, DPY19L4, TBC1D15,  AP3D1, PSD3, NCOR2, TOMM20, SEPT2, RPL31, FBL, PPAN, C16orf68, PPP6R3, ZNF331, HAUS2, MPHOSPH8, DTX2, DDX5, KIF2C,  PHYH, RPA2, MT-ATP6, TMEM97, IKZF5, C14orf135, AP3S2, PRKD3, APOA1BP, HMG20A, INTS3, GDI2, FHL3, KIAA0100, EIF2C1,  COX5A, SSRP1, FGF7, UEVLD, ALDH18A1, RPS10, PLEKHM3, TCEA1, RTN2, INSIG1, PSMD2, ATP8B2, RPRD1A, CCDC75, PHF8 Newly published CLASH data in HEK 293 cells provided the direct evidence for miRNA:mRNA pairing [Helwak et al (19) ].
of UBE2C mRNA (Fig. 2A) . The inhibitors of miR-17 and/ or miR-20 were transfected into HEK 293T cells. Luciferase assay was used to test the regulation of UBE2C by the miRNAs. The results showed that inhibition of miR-17 or miR-20a decreased the luciferase activity, and inhibition of both miR-17 and miR-20a caused a more significant decrease in luciferase activity, whereas the reporter plasmid with the mutant sequence of UBE2C produced no change in luciferase activity ( Fig. 2A) . These results revealed that miR-17/20a positively regulated UBE2C expression. Then, we explored whether the endogenous UBE2C in gastric cancer cells was regulated similarly. Two gastric cancer cells (BGC-823 and SGC-7901) were transfected with miR-17 and/or miR-20a inhibitors, and UBE2C mRNA and protein levels were examined by qRT-PCR and western blot analysis, respectively. The levels of UBE2C mRNA (Fig. 2B) and protein (Fig. 2C) were consistently and substantially downregulated by inhibition of miR-17 and miR-20a in the gastric cancer cells. A more significant decrease in UBE2C expression was also found in the cells which were transfected with both the miR-17 and miR-20a inhibitors. Our results indicated that miR-17/20a directly targeted UBE2C mRNA and positively regulated expression of UBE2C at both the mRNA and protein levels.
miR-17/20a are upregulated and positively associated with UBE2C mRNA levels in gastric cancer tissues. Previous research reported that miR-17/20a are upregulated in many cancers including gastric cancer (9) and overexpression of UBE2C is associated with worse patient outcomes in a number of cancers (21, 22) . Our results demonstrated that UBE2C was positively regulated by miR-17/20a in gastric cancer cells. Next, we explored the correlation between miR-17/20a expression levels and the mRNA level of UBE2C in gastric cancer tissues. To determine the levels of miR-17/20a in gastric cancer samples, total RNAs were extracted from gastric cancer tissues, and the expression levels of miR-17/20a were analyzed using qRT-PCR and normalized to an endogenous control (U6 RNA). As shown in Fig. 3A , miR-17 and miR-20a were significantly increased in gastric cancer tissues vs. adjacent nontumor tissues (Fig. 3A) , which agreed with a previous study (9) . qRT-PCR assay was performed to detect the mRNA expression of UBE2C in the same gastric cancer samples and was normalized to β-actin. As shown in Fig. 3B , UBE2C mRNA levels were significantly increased in the gastric cancer tissues vs. the adjacent nontumor tissues, which was similar to previous findings in other cancers (21) . After normalization to the expression value in normal tissues, RNA levels of miR-17/20a and mRNA levels of UBE2C in gastric cancer tissues were analyzed by Pearson's correlation coefficient analysis. Markedly, UBE2C mRNA levels were positively correlated with miR-17 (r=0.469, P<0.001) and miR-20a (r=0.507, P<0.001) expression levels in gastric cancer tissues (Fig. 3C) . Collectively, these results suggest that high endogenous miR-17/20a may target and upregulate the expression of UBE2C in gastric cancer.
Downregulation of miR-17/20a inhibits the proliferation of gastric cancer cells in vitro by targeting UBE2C.
We then investigated the biological significance and its underlying mechanisms of the upregulation of miR-17/20a in gastric cancer. Cell proliferation is a key characteristic during tumorigenesis. However, the association of miR-17/20a with gastric cancer cell proliferation is unknown. Since overexpression of UBE2C increased the proliferation of cancer cells by modulating degradation of target genes such as cyclin A (23), and given that UBE2C is a direct target of miR-17/20a, we hypothesized that miR-17/20a may affect gastric cancer cell viability through UBE2C. In order to investigate this hypothesis, we performed the following experiments. Both miR-17 and miR-20a inhibitors or UBE2C siRNAs were transiently transfected into BGC-823 and SGC-7901 cells. In the cell proliferation assay, downregulation of miR-17 and miR-20a in BGC-823 and SGC-7901 cells resulted in significant suppression of cell proliferation which was similar to UBE2C siRNAs (Fig. 4A) . Western blot analysis results determined that transfection of miR-17/20a inhibitors or UBE2C siRNAs decreased the expression of UBE2C and its downstream gene cyclin A in BGC-823 and SGC-7901 cells (Fig. 4B) . Our results demonstrated that downregulation of UBE2C expression by miR-17/20a contributes, at least in part, to the suppression of the growth of gastric cancer cells.
Discussion
Recently, attention has been focused on the role of miRNAs in oncogenesis. In the present study, we focused on miR-17/20a which are increased in several tumor types including gastric cancer. Our results showed that UBE2C was one direct functional target of miR-17/20a in the gastric cancer cells. Upregulation of miR-17/20a was positively associated with UBE2C in gastric cancer tissues compared to adjacent nontumor tissues. Furthermore, inhibition of miR-17/20a blocked gastric cancer cell proliferation in vitro by downregulating UBE2C expression.
Recent discoveries have shown that miRNA, which is involved in almost every step of gastric carcinogenesis, has broad prospective application in the diagnosis and therapy of gastric carcinoma (24) . Several miRNAs have been found to be downregulated in gastric cancer, such as miR-143, miR-145, miR-141, miR-31 and miR-106a, whereas some oncogenic miRNAs, such as miR-17, miR-20a, miR-21 and miR-27a, are upregulated (9) . The human miR-17/20 cluster, located on chromosome 13q31, is dysregulated in several different cancers including gastric cancer. miR-17/20 inhibits cell growth via suppression of E2F1 expression (25) . In mice, transgenic mice overexpressing miR-17 alone showed overall tissue growth retardation, smaller organs, and greatly reduced hematopoietic cell lineages (26) . miR-17/20 inhibit cellular invasion and tumor metastasis in breast cancer by heterotypic signaling (14) . The miR-17/20 cluster was found to inhibit the proliferation of mouse embryonic cardiomyocytes by targeting FOG-2 (12). miR-17/20a inhibited oral squamous cell carcinoma cell migration by regulating ITGβ8 (15) . miR-17/20a modulate macrophage inflammatory responses through targeting signal-regulatory protein α (11) . However, the role of miR-17/20a in cancers particularly in gastric cancer remains unclear. In the present study, we confirmed that the oncogene UBE2C was directly targeted by miR-17/20a in gastric cancer. Surprisingly, we found that miR-17/20a positively regulated the expression of UBE2C at the mRNA and protein levels in gastric cancer cells. Moreover, upregulation of miR-17/20a was found to be positively associated with increased UBE2C expression in gastric cancer tissues, which suggests that UBE2C is positively regulated by miR-17/20a in human gastric cancer. Our results were similar to previous studies which showed that miRNA could positive regulate the expression of target genes (27, 28) . However, the underlying mechanism of the positive regulation of UBE2C by miR-17/20a in gastric cancer remains to be explore.
UBE2C, located on chromosome 20q13, belongs to the E2 gene family and codes for a 19.6-kDa protein involved in ubiquitin-dependent proteolysis. Overexpression of UBE2C causes chromosome mis-segregation and alters the cell cycle profile, which facilitates cell proliferation. UBE2C has been reported to be highly expressed in various types of cancers including ovarian carcinoma, metastatic prostate carcinoma, thyroid anaplastic carcinoma, hepatocellular carcinoma, and breast cancer (21, (29) (30) (31) (32) . Knockdown of UBE2C expression by RNAi demonstrated the carcinogenetic role of UBE2C in proliferation, migration, and survival in cancer cell activities (33) . However, the expression of UBE2C is largely unknown in human cancers particularly in gastric cancer. In the present study, we first report that UBE2C mRNA is highly expressed in gastric cancer tissues compared to matched adjacent nontumor tissues. To investigate the underlying mechanism of upregulation of UBE2C in gastric cancer. miRNA-binding site analysis revealed that UBE2C was one direct functional targets of miR-17/20a in gastric cancer cells. Inhibition of miR-17/20a in gastric cancer cells led to a significant UBE2C decrease and inhibition of cellular proliferation which was similar to the results of silencing UBE2C expression by siRNAs. It has also been shown that depletion of UBE2C suppresses anchorage-independent growth of breast cancer cells (34) . Wagner and co-workers showed that selective silencing of UBE2C by siRNAs, in combination with TRAIL/DR5 agonistic antibodies, led to increased cell death in neoplastic but not nonmalignant human cells (21) . In the present study, we demonstrated that miRNA-mediated knockdown of UBE2C inhibited the growth of gastric cancer cells, suggesting that targeting UBE2C is a potential therapeutic strategy for gastric cancer.
Taken together, we demonstrated that miR-17/20a are upregulated in gastric cancer tissues. Inhibition of miR-17/20a directly downregulates UBE2C and inhibits gastric cancer cell proliferation. These data indicate that miR-17/20a-mediated knockdown of UBE2C may serve as a potential therapeutic strategy for gastric cancer.
